Abstract: In the real medical world, there are many symptoms or chronic diseases that cannot be characterized in a deterministic way, and which must be examined in a random way. In the study of these stochastic processes, Markov chains are used. There is a wide variety of phenomena that suggest a behavior in a Markov process manner such as: the probability that a patient's health to improve, to get worse, to remain stable or to progress to death within a certain time slot, depending on what happened in the previous time window. Our goal is to show that the Markov chains can be applied to the patients with Parkinson's disease in order to predict the evolution of the disease over time. So the doctor may decide a therapeutic solution that is adapted to the patient's needs, and that can improve the quality of the patient's life with Parkinson's disease in terminal stage.
Introduction
Parkinson's disease (PD) is a neurodegenerative disease that occurs due to loss of dopamine that is a neurotransmitter and due to slow and inexorable destruction of neurons. Brain area affected by progressive destruction of neurons is responsible for movements controlling [1] . For this reason, patients with Parkinson's disease have rigid and uncontrollable gestures, postural instability, tremor, and speech disorders. Although Parkinson's disease is considered specific old age, the average age is 50 years and can be confused with the normal aging process of the individual [2] . When first symptoms are manifested, it is believed that between 60% and 80% of the cells for the control of motor activity are destroyed [3] . Parkinson's disease is a progressive disease, with signs and symptoms accumulated over time. Although this is potentially an invalidity disease, it progresses slowly so that most patients benefit from many years of active life after diagnosis. Moreover, unlike other serious neurological disorders, Parkinson's disease is treatable. Treatment is surgical or based on drugs, but may also consist of an implanted device for brain stimulation [4] . Worldwide, the disease is diagnosed in 300,000 people each year [5] . Disease incidence and prevalence increase with age. Parkinson's disease affects 1% of people aged over 65. Rarely, the disease occurs in childhood or adolescence. The incidence is 1.5 times higher among males than among women [6] . If Parkinson's disease would be detected in an early stage, the physician may interfere with a proper treatment in order to slow the disease's progression. Unfortunately, currently there is no screening test or biomarker that 526 O. Geman, H. Costin can be highlighted in Parkinson's disease. The three cardinal signs of Parkinson's disease are resting tremor, rigidity and bradykinesia. Among them, two are essential for diagnosis. Postural instability is the fourth cardinal sign, but occurs late, usually after 8 years of disease evolution. In 70% of cases, uncontrollable rhythmic gestures of the hands, head and feet are the first symptoms and occur mainly at rest and during the stress' periods (see [7] - [9] ). Tremor is diminished during movements, disappears during sleep, and is exacerbated by stress and fatigue. Tremor becomes less evident as disease progression. This tremor, in the absence of other characteristic signs, indicates an early stage of disease or another diagnosis (see Table 1 ) [10] - [14] . From the many symptoms or diseases that cannot be characterized in a deterministic way, but in a random way, PD is a prominent example. In our study, we used Markov chains as they characterize very well stochastic processes like diseases evolutions. So, our goal is to show that the Markov chains can be applied to the patients with PD in order both to predict the evolution of the disease over time, and illustrate the response to the specific treatment. In this way the doctor may decide upon a therapeutic solution that is adapted to the patient's needs, and can improve the quality of the patient's life in terminal stage.
Multistate Markov models
In mathematics, a Markov process is a stochastic process having the property that, given its present state, the future states are independent of the past. This property is called the Markov property [15] - [19] . In a Markov process, the system can change or keep its state, according to a certain probability distribution. Changes of its state are called transitions. A random experiment that consists of a series of random sub-experiments is called a stochastic process. Such a special class of these processes is made by the Markov chains [20] - [26] .
The evolution of a Markov process can be described by a transition matrix. We can consider the evolution of the health status of a patient as a Markov process that passes through the following states: Well, Suspicious, Ill (PD), or Dead, as is illustrated in Figure 1 . For the Markov process illustrated in Figure 1 , we can write the general matrix (1), where m = 4 (possible mutually exclusive results: E1 well, E2 suspicious, E3 ill/PD, E4 dead).
As it can be seen, the transition matrix consists of p ij elements, which represent the conditional probability that the system will change from the initial state (well) to next state j. The probability that the system remains in the same state after the experiment is given by p ij with i = j, and the probability for the system to move from one state to another is given by p ij with i̸ =j. The transition matrix for the proposed system is a square matrix of order m = 4. The elements of the transition matrix must satisfy the following properties [19] : 
2.
∑ m j=1 p ij = 1, i = 1, 2, ..., m. The sum of the elements of each line must be 1 because E 1 , ..., E m is a complete system of events.
3. p dd = 1, for our application.
Information about the transitions from one state to another in a Markov chain can be represented by a transition matrix. It consists of elements p ij -probability of crossing a step from state i to state j (i,j = 1,..., m, where m=4). We can talk about the transition probability of exactly k steps and a matrix formed by them. So, multistate Markov models in continuous time may be used to model the course of Parkinson's diseases. Since Markov chains are stochastic processes, we cannot know exactly what it is happening on each state, so the system must be described in terms of probability. Definition 1. [19] : Consider a Markov chain with m states. A state vector for Markov chain is a probability vector X = [x 1 , x 2 , ..., x m ]. The x i coordinates of the state vector X should be interpreted as the probability that the system be in the state i.
The behavior of a Markov chain can be described by a sequence of state vectors. The initial state of the system can be described by a state vector noted X 0 . After a transition, the system can be described by a vector X 1 and after k transitions the system is described by the state vector X k . The relationship between these vectors can be summarized by the following theorem [19] :
Consider a Markov process with the transition matrix P. If X k and X k+1 are vectors that describe a process state after k and k +1 transitions respectively, then X k+1 = X k * P .
We represent structural elements as a vector
, that for each t = 1,...,n and for each i = 1,...,m, s i t varies between 0 and 1, and the sum of structural elements is 1 for any t. In order to model a Markov process, we must respect the following steps [19] :
1. First-order differences of the vector S t will be calculated, thus
2. For each pair t/t − 1 of consecutive periods of time we will buid the partial transition matrices (MTP), as M T P t/t−1 (m * m) form. The elements of the M T P t/t−1 (m * m) matrix can be determined as follows:
if i ̸ = j and ∆s i t/t−1 < 0 and ∆s
for the other elements, where i,j =1,...,m.
In formula (3) the expression ∑ m i=2 (+∆s ij t/t−1 ) denotes the sum of positive values of the difference vector ∆s t/t−1 .
3. M T P (m * m), total transition matrix is determined by summing the elements of partial transition matrixes.
M P (m * m)
, transition probability matrix is calculated by ratio between each element of the total transition matrix and the sum of the line on which is located than item.
5. In the final stage of the algorithm, we obtain a forecast of the structural elements for future p periods by multiplying transposed of the matrix M P (m * m) raised to the k power with the vector of structural elements for the last period.
3 Intelligent system for health status prediction using a Markov chain
The architecture of the proposed system is shown in Figure 2 . It consists from three modules. The first module will handle with the signal acquisition from patients suspected of Parkinson disease. In terms of software, this module is a software application that can acquire biomedical signals from W ii T M Remote device or other devices that can acquire signals generated by tremor. All data acquired from these devices are analyzed using the method presented in Section 2. Furthermore, the data are saved on a server. On this server, physicians can access data in order to establish a long history of patient evolution.
The second module of this system is represented by the extracting knowledge from biomedical signals acquired from the patients. This module consists of a software application that runs on the server where there are kept biomedical signals acquired. The third module is the application that is executed in the doctor's office. This application performs an interfacing of the doctor with the intelligent system, and presents the medical treatment and rehabilitation options. It must be said that bio-signals can be acquired in the doctor's office but also at home if the patient has a PC and an internet connection. The design and development of this intelligent system used the newest technologies for distributed application development (WCF, SOAP), and the observations received from patients and specialists.
Database
For the database we used the proposed methodology in previous papers [27] , [28] . Database with affected patients has been provided by Suceava Emergency Hospital (Neurology Clinic).
This dataset is composed of a range of biomedical tremor measurements from 88 people, 28 with Parkinson's disease (PD), 30 "normal" tremor and 30 "suspicious" PD (undiagnosed). Each column in the table is a particular tremor measure, and each row corresponds one of 2500 tremor recordings from these individuals ("name" column). The main aim of the data is to discriminate healthy people from those with PD, according to "status" column which is set to 0 for healthy and 1 for PD or "Suspicious". All patients are suffering of moderate to severe postural tremor. This postural tremor cannot be differentiated on clinical features (frequency, Figure 2 : Intelligent system for health status prediction of a patient using a Markov chain amplitude). Patients were kept under observation and investigation for 2 years, and data were acquired at 6 months, 1 year and 2 years (see Table 2 ). The mean disease duration (time for disease to install, in years), age and sex of PD patients were compared with the SPD or NT in Table 2 . Notice in Table 2 that the mean age of PD, SPD and NT populations is similar, but the age ranges are different. This could be considered as an indicator that the PD starts years before actual diagnosis.
Tremor recoding
Yet, some researches have been made (including in Romania) in order to early diagnose the PD and its progress by means of the tremor or the gait analysis or other symptoms [29] - [34] . The tremor time series were acquired using an accelerometer sensor from a W ii T M console [35] , connected via Bluetooth to a PC. The data were analyzed using an application implemented in Visual C 2010 Professional. The W ii T M Remote is the primary controller for Nintendo's W ii T M i console. A main feature of the W ii T M Remote is its motion sensing capability, which allows the user to interact with and manipulate items on screen through the use of accelerometer and optical sensor technology [35] . Nintendo works on three axes: x -lateral, y -anteroposterior, and zvertical. The device records both acceleration induced by hand movement and the component of gravitational force. If the controller is rotated, the gravity accelerometer affects the values on the x, y, and z axes (see Figure 3) . This system using a W ii T M Remote is capable of analyzing frequency and estimated amplitude of tremor between 3 -15 Hz (N tremor is between 5 -12 Hz, and PD tremor is between 4-6 Hz). The W ii T M i Remote and PC are connected by Bluetooth -Human Interface Device Profile. The tremor analysis program was developed using Visual C 2010 Professional. The acceleration sampling period was set at 10 ms in the Nintendo device. Because the transmission rate through the Bluetooth device is limited, the sampling period of the tremor analysis was 40 ms. The accelerometer built into W ii T M Remote (Nintendo) measures gravitational and non-gravitational acceleration. The results of this paper suggest that Nintendo is useful for measurement and analysis of tremor using the methodologies described in [28] , [29] , [31] . We defined the following linguistic variables (for instance for X axis):
• If x is between -0.10 mm and -1 mm then x is minimum X min ;
• If x is between -0.10 mm and 0.10 mm then x is medium X med ;
• If x is between 0.10 mm and 1 mm then x is maximum X max .
We counted the number of spikes for each interval, and we used these values to describe the state vector.
Next we proposed to predict the state of a patient using Markov chains. In this analysis the state vector is defined as:
. Table 3 presents the number of spikes in each category for "normal" subjects, while Table 4 presents the values of the state vector for a subject with diagnosed Parkinson's disease. For this paper we chose to exemplify the calculation of transition matrices from T0 to T1 and from T1 to T2 only for patients with Parkinson's disease, by following the methodology presented in Section 2 (here notations Ti were used instead of ti and we illustrated the method only for PD patients and normal patients).
In the first step we computed, according to the methodology, the deviations ∆S T 1/T 0 = S T 1 − S T 0 and ∆S T 2/T 1 = S T 2 − S T 1 . We illustrate this in Tables 5 and 6 only with data acquired from a patient with PD.
We computed next the transition matrices from T0 to T1 and from T1 to T2 (Tables 7 and 8 , respectively). For example, the transition matrix from T0 to T1, M T P T 1/T 0 (m * m) is computed as follows:
1. the elements from the main diagonal are (S i T 1 , S i T 0 ); 
3. the rest of elements equals 0. In the third step we calculated the total transition matrix (Table 9) , which is the sum of partial transition matrices computed in the previous stage.
In the fourth stage we computed the probability transition matrix by the ratio of each element of the total transition matrix to the sum of the line where the element is located.
In the final stage of the algorithm we obtained the forecast of the structural elements for next year by multiplying the transposed matrix of transition probabilities with the vector of the structural elements for T2, i.e. the vector corresponding to T2 = 12 months. We get the following transition probabilities between the 9 elements of the features vector X min , ..., Z max .
The values of the main diagonal are the probabilities that the patient progress to state that is described by the features vector (which corresponds to a stage of the disease). The forecast of the X min ...Z max for the next year is obtained by multiplying the two matrices (transposed and elements for T2). Thus we obtain the patient's evolution for next year, for "normal" and "PD" (Table 10 and Table 11 ). From the last two tables one can see, by using Markov chains, the tremor symptom evolution of certain patients. Also we may note the very good prediction power of this method, as the features vector elements for the predicted tremor signal after 24 months from the first recording are very similar with the same vector elements, but acquired and measured by means of W ii T M Remote and the appropriate software. The maximum error between prediction and measured values was 1.33%.
Similar judgement was used and corresponding good results concerning the prediction of disease evolution were obtained in the case of "suspicious PD" patients, for whom some early signs were found (insomnia, constipation, loss of smell, equilibrium and postural impairment, tremor symptom or speech difficulties) and they became to be attentively monitored. Also, another remark may be made related to the similarity between features vectors measured for "suspicious PD" patients and "diagnosed PD" patients, when using the same Markov chains for status prediction. 
Conclusions
In this paper we describe a general purpose model of PD prognosis based on Markov process and show how this simple mathematical tool may be used to generate detailed and accurate assessments of Parkinson's disease stage and therefore may be applicable in medical screening for PD. Markov models consider a patient to be in one of a finite number of discrete states of health. All clinically important events are modeled as transitions from one state to another. Thus, the use of Markov models has the potential to allow the development of decision models that more faithfully represent clinical problems.
Our study used a database where there are subjects who are considered normal, but with some tremor symptoms, and subjects considered "suspects", for whom we can apply the above methodology and can see if certain subjects move to the "normal" state or the first symptoms of Parkinson's disease will appear. Thus, medical staff can intervene with specific medication for Parkinson's disease.
Using Markov chain is an efficient way to find the features vector for an individual patient at a given time, and this state vector may be used to predict and identify a stage in Parkinson' disease. So, the physician can choose a treatment, based on this forecast with an appropriate level of medication.
The system was validated for 88 patients under observation: 28 with PD tremors, 30 with SPD ("Suspicious" PD tremor), and 30 with NT (Normal tremor), and we plan to expand the study to more patients with PD. Already results interpretation and discussions with involved neurologists are directed to the validation of the study. The next step will be the creation of an expert or decision-support system based on fuzzy logic for Parkinson's disease screening, which will help a physician to diagnose PD in its early stages, especially of individuals in the class "Suspicious" of PD. So, future research approaches will include the testing and validation of a screening test, in order to detect Parkinson's disease or other neurological disorders in their early stages.
Important notice: the experiments were not prejudicial in any way to the health of human subjects investigated and they were not subject to any invasive maneuvers. All the subjects were free to decide whether or not they wish to participate in this study. They did not lose any benefits to which they are entitled, if they did not accept the participation. The duration of this study was 3 years. All personal information was and will be kept confidential. Medical information may be made available to the institution that houses the research, Ethics Commission, or other persons/institutions where the law requires. The benefits will be strictly medical. The information obtained in this study may help physicians to find a method of early diagnosis for those suffering from PD and to identify the best options for their treatment. It was no financial compensation during the study for the participants.
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